Introduction
Projections of population growth from the United Nations 1 predict that 67% of the world population will live in urban areas by 2050. This urban sprawl inevitably leads to the development of previously natural or agricultural areas on the periphery of large urban centres (e.g. Meija and Moglen., 2010) . We will refer to these areas using the word peri-urban. This word is most often used in Europe and Australia, where it refers to catchments made of a mixture of natural or agricultural lands, and urbanised areas. In the US, the word suburban is most commonly used, and it generally refers to residential areas with houses and gardens. We will use the word peri-urban in the remaining of the paper to cover both aspects.
These peri-urban areas are characterized by a high degree of heterogeneity and are "formed of a patchwork of urban, undeveloped (natural) and agricultural lands" (Andrieu and Chocat, 2004) in complex interactions (e.g. Santo Domingo et al., 2010) . The spatial resolution of this landscape heterogeneity varies between urbanised areas, with the patch size governed by the urban cadastral parcel, and the arrangement of agricultural and forested areas, which will generally comprise larger parcels. The two types of areas -urban and agricultural/natural -are also characterized by different hydrologic response times. The creation of impervious areas, with hydraulically efficient drainage, will result in much faster drainage than in natural areas (e.g. Burns et al., 2012; Furusho et al., in press ). Urbanization leads to new buildings and houses, and significant modification of water pathways through different networks such as roads, stormwater gutters and pipes, constructed channels, which may also interact with the network of potable water and sewer systems. This has a significant impact on the catchment delineation and drainage network (Jankowfsky et al., 2012; Rodriguez et al., 2013) . In addition, peri-urban catchments tend to exhibit high rates of changes (e.g. Beighley et al., 2003; Radojevic et al., 2010; Jankowfsky, 2011) .
Several studies have reported on the impact of urban sprawl on the water cycle and the condition of peri-urban rivers and aquatic ecosystems. The creation of urban infrastructureand in particular of urban drainage systems -has a significant impact on hydrologic and ecosystems functions, and often results in excess runoff, increases in diffuse pollution, whilst depleting groundwater and baseflows, thus increasing the vulnerability of these areas to floods, droughts and water quality problems within peri-urban rivers (e.g. Bras and Perkins, 1975; Chocat et al., 2001; Marsalek et al., 2007; Jacobson, 2011) . Despite the fact that future 1 http://esa.un.org/unpd/wup/unup/ Author-produced version of the article published in Journal of Hydrology, 2013, vol. 485, p. 1-4 The original publication is available at http://www.sciencedirect.com/ doi : http://dx.doi. org/10.1016/J.hydrol.2013.02.045 development is considered designing stormwater drainage systems, the limits and negative consequences of the "end-of-pipe" urban are increasingly apparent. In catchments with separate drainage systems, the frequent discharge of stormwater -occurring whenever there is more than about 1 mm of rainfall -results in degradation of water quality, hydrology, geomorphology and ecological condition of receiving waters (Hatt et al., 2004; Walsh et al., 2005; Fletcher et al., 2013) . In order to limit sewer network overflows in Combined Sewer Systems (CSSs), Combined Sewer Overflows (CSOs) are introduced, but this results in the discharge of polluted waters to receiving waters. This can lead to incision and erosion problems, which perturb the ecological status of the rivers (e.g. Randhir, 2003; Lafont et al., 2006) .
In Europe, the Water Framework Directive (WFD) imposes constraints on the recovery of a "good ecological status" of rivers. The Flood Directive asks member states to map areas vulnerable to floods, and try to reduce this risk. Similar pressures exist around the world. This has several implications in terms of management of stormwater, meaning that alternatives to the "end-to-pipe" strategy are required (e.g. Booth et al., 2002; Matteo et al., 2006) . Source-control stormwater techniques, which receive and deal with stormwater runoff (both in terms of flow and quality) at or close to its source, are increasingly the focus of stormwater management (Freni et al., 2010) . This approach to stormwater management is often termed Water Sensitive Urban Design (WSUD; Wong, 2007) , Low Impact Development (LID; Davis, 2005) or Sustainable Urban Drainage Systems (SUDS; CIRIA, 2000; Fletcher et al., 2008; Mikkelsen et al., 1996) .
The management of water in peri-urban areas is thus a challenge for both research and practice. While the hydrology of urban and rural areas has been extensively studied, there is a comparative lack of data for peri-urban areas (Harremoës, 2002) . Research challenges include the observation and monitoring of the hydrological cycle within mixed natural and artificial catchments, considering both water quantity and quality. Such catchments have a mix of fast and slow hydrologic responses, as a result of greatly differing flow paths (from areas which are baseflow dominated to those dominated by pipeflow). Tracking the evolution of the land use/practices in peri-urban areas also provides a rich area for research, with new capability to map changes appearing, especially in recent years with the increased spatial and spectral resolution of remote sensing imagery (e.g. Chormansky et al., 2008; Weng, 2012) . The question of observation scale (both temporal and spatial) required to correctly document the hydrological cycle in those catchments must also be addressed, as must the development of measurement techniques and the definition of metrics to understand and quantify the impacts Author-produced version of the article published in Journal of Hydrology, 2013, vol. 485, p. 1-4 The original publication is available at http://www.sciencedirect.com/ doi : http://dx.doi.org/10.1016/J.hydrol.2013.02.045 of human activities on the hydrological cycle Hamel et al., 2013) . Field observatories, devoted to the long-term monitoring of peri-urban catchments, including the evolution of land use are an important resource to advance this research field. Addressing these challenges is necessary to better understand and quantify the contributions of both natural and constructed sub-areas within peri-urban catchments, considering rainfall and soil conditions, as well as the spatial arrangement and hydraulic connection of impervious areas. It is only with this understanding that optimal stormwater management strategies can be developed, with the aim of mitigating impacts of urbanisation on peri-urban catchments (e.g. Hamel et al., 2013) .
Many stormwater models have been developed specifically for modelling urban or rural areas. Modelling peri-urban areas is complicated by issues related to catchment discretization, representation of each of the different flow pathways, and the temporal nature of their response, with changes in land use and flow paths being liable to occur during the simulation periods, requiring an adaptation of hydrological models. Modelling of urban areas has often been dedicated to the dimensioning of hydraulic infrastructure (sewer networks, retention basins) and event-based models are often used for this purpose. In order to have an appraisal of the impact of urbanization on the whole hydrological cycle, including hydrological regime, high and low flows, continuous simulations are required, to predict consequences for water quality and for the flow regime more broadly ).
This leads to new questions in terms of process representation, catchment discretization and coupling of various processes. Such models are often used for quantifying the impact of land use change and urbanization on the hydrological cycle (e.g. Beighley et al., 2003; Ott and Uhlenbrook, 2004; Burns et al., 2005; Chormanski et al., 2008; Meierdiercks et al., 2010) .
The evaluation of those models and the quantification of the uncertainty in their results must also be addressed. These research topics become increasingly important as urban development occurs within the context of a changing climate. Understanding of this combined global change on the water cycle in urban and peri-urban areas, along with the performance of mitigation strategies, are crucial issues for hydrologists, urban planners and water systems managers.
Content of the special issue
This special issue of the Journal of Hydrology "Hydrology of peri-urban catchments:
processes and modelling" includes 16 papers, which cover four main themes: (i) use of data sets and literature reviews to quantify the effects of urbanization and artificial networks on the Author-produced version of the article published in Journal of Hydrology, 2013, vol. 485 J.hydrol.2013.02.045 hydrology of peri-urban catchments; (ii) use of very high and medium resolution remote sensing images and urban data banks to characterize peri-urban landscapes and water pathways; (iii) integrated modelling of peri-urban catchments using distributed hydrological models or statistical models. The fourth theme is transversal to the first three and gathers papers dealing with the use of source control stormwater management techniques and how their impact can be quantified at the scale of a whole catchment.
The first theme "use of data sets and literature review to quantify the impact of urbanization and artificial networks on the hydrology of peri-urban", comprises three papers. Braud et al. (2013) review a set of indicators used to assess the impact of urbanization on streamflow regimes, including statistical tests and characterization of high and low flows.
They also propose methods to isolate the rapid contribution of sewer overflow devices on the total river discharge, and to quantify infiltration into sewer networks. The methods are tested using data from a long-term monitored French catchment. Using data from the same periurban catchment, Navratil et al. (2013) , propose a method allowing quantification of the impact of sewer overflow devices and urban runoff on the geomorphology of small peri-urban river reaches. They highlight a global enlargement of urban rivers and a large impact of road sewers for catchments smaller than 5 km 2 . In the context of semi-arid climates, Gallo et al. (2013) show how runoff and its geochemical composition can be used to quantify the various contributions (surface, sub-surface flow) to the sewer and river networks. They also show the large impact of stormwater management on river discharge quantity and quality.
In the second theme "use of very high and medium resolution remote sensing images and urban data banks to characterize the peri-urban landscapes and the water pathways", four papers explore the potential of several data sources to describe the heterogeneity of peri-urban catchments. Rodriguez et al. (2013) compare the ability of three methods to delineate periurban sub-catchments and define the drainage networks. These include a traditional method of flow direction determination based on a Digital Elevation Model (DEM); a method exploiting the information present in urban data banks (sewer and road network, cadastral parcels); and a third method which uses constrained Triangular Irregular Networks (TINs). Three papers address the land use/land cover mapping of peri-urban catchments. Jacqueminet et al. (2013) explore and compare the potential of several methods and Very High Resolution (VHR) images for land cover mapping for use within distributed hydrological models. In particular, they focus on the quantification of imperviousness and vegetation cover. They show the interest of combining the various information sources for an improved description of land cover classes. Dams et al. (2013) also attempt to map imperviousness and its evolution
Author-produced version of the article published in Journal of Hydrology, 2013, vol. 485, p. 1-4 The original publication is available at http://www.sciencedirect.com/ doi : http://dx.doi.org/10. 1016/J.hydrol.2013.02.045 through the use of medium resolution satellite images, which are more accessible than VHR images. They highlight a densification of urbanization and increase of urbanization between 1986 and 2003 in a Belgian catchment. They also show the impact of this modification on the water balance components. Finally, Aichele et al. (2013) explore the change in the form of peri-urban developments between 1950 and 2005 in Oakland county, Michigan, with an emphasis on imperviousness. They exploit cadastral (land tax) information (in particular land parcel size and land cover images) to show that, in the study area, land occupation is increasing at a faster rate than is imperviousness (with newer properties generally having lower impervious areas, and a lower rate of connection to the storm sewer). While perhaps an unusual case, this has some implications for hydrological models, especially when imperviousness is used as a surrogate of the runoff coefficient. It demonstrates the importance of considering directly connected imperviousness, rather than total imperviousness. This paper also makes the link with the third theme of the special issue, about "integrated modelling".
The third theme comprises various approaches to derive integrated models of periurban catchments: statistical models, use and/or adaptation of existing distributed models and development of new distributed models (6 papers). Isik et al. (2013) to simulate the runoff and sediment transport processes from monitored and design storms and try to assess the impact of Best Management Practices (BMPs) on runoff and sediment yield. adapted the ISBA-Topmodel, initially designed for monitoring high impact events in the south of France, to small peri-urban catchments. For that purpose, they propose a specific treatment of impervious areas and include infiltration into the sewer system. The model shows satisfactory performance, following its calibration to a French periurban catchment. Bach and Ostrowski (2013) propose a continuous integrated hydrological Author-produced version of the article published in Journal of Hydrology, 2013, vol. 485, p. 1-4 The original publication is available at http://www.sciencedirect.com/ doi : http://dx.doi. org/10.1016/J.hydrol.2013.02.045 model of peri-urban catchments, taking explicitly into account rural and urban areas as well as the sewer system. They model the hydrological processes with time steps consistent with the response times of each surface type. The model is run continuously to assess the quality of receiving water in the context of the Water Framework Directive. Barron et al. (2013) use a process-based coupled surface water and groundwater model (MODHMS) to study the impact of urbanization on the water balance of a small Australian catchment, characterized with surface and groundwater interactions, and specific stormwater management practices. Due to the local groundwater configurations, the impact of urbanization leads to increases in recharge and drainage by the sewer system. This paper which also addresses source-control stormwater management, thus integrates well with the fourth theme, which deals with the "the use of source control rain water management techniques" and how the impact of local practices can be quantified at the whole catchment scale.
Three papers address this topic. Shuster and Rhea (2013) present an experimental study where a catchment was monitored several years before and after the application of source control stormwater techniques with control and treated sub-catchments. They also use statistical models to assess the efficiency of the source control treatment. Petrucci et al. (2013) propose a literature review of the impact of source control techniques on hydrology. This is illustrated with three French case studies and complemented with numerical studies using the SWMM model. They also use the model to compare various stormwater performance standards (flow-rate based versus volume-based regulations) and show that this choice has a significant impact on the resultant hydrological regime. Hamel et al. (2013) propose a complementary paper, using a literature review to examine the impact of urbanization and artificial networks on baseflow (as opposed to the normal focus on peak flows). In doing so, they identify the impediments to developing stormwater management strategies which preserve or restore natural baseflow processes.
Conclusions and directions for future research
In the introduction to the Journal of Hydrology special issue on urban hydrology, Andrieu and Chocat (2004) claimed that the time had come to develop anthropogenic or peri-urban hydrology. Since that time, significant effort has been dedicated to this topic. This special issue gathers research papers from various research groups and case studies around the world, showing that peri-urban catchments and the impact of urbanization on the hydrological cycle are crucial questions for many countries. The papers show that progress has been made to Author-produced version of the article published in Journal of Hydrology, 2013, vol. 485, p. 1-4 The original publication is available at http://www.sciencedirect.com/ doi : http://dx.doi.org/10. 1016/J.hydrol.2013.02.045 better understand these complex environments, as well as to monitor and model its hydrologic behaviour. However, many questions remain. In particular, with the move towards new decentralised stormwater management approaches, there is the need (i) to understand hydrological behaviour within peri-urban catchments and its consequences for risks to both humans and ecosystems; (ii) to understand the impact of these new source-control stormwater management approaches at all scales, from the site-scale to that of the whole catchment; (iii) to continue the ongoing effort in terms of integrated modelling so that models are able to predict the impacts of alternative stormwater management strategies on the flow regime and water quality of receiving waters in peri-urban catchments.
In terms of describing peri-urban catchments, VHR remote sensing images analysis show a great potential, offering new opportunities to map the relevant landscape objects (and particularly elements of the drainage network and how it alters flowpaths) in the peri-urban context. In addition, at least in Europe, the monitoring networks installed to control the compliance of the WFD will provide new data, which can be used for a further understanding of the hydrology of peri-urban catchments and further develop integrated models. In summary, while much progress has been made in the field of peri-urban hydrology, the same is expected to be true over the next few years.
